Dear Sir, More than twenty years ago the Albers-Post scheme was proposed to describe the effects of ATP, ADP, Na, and K on transphosphorylation reactions carried out by Na, K-ATPase preparations. The scheme in its currently amplified version has been remarkably successful in accounting for the results of ion transport and transphosphorylation measurements, of physical and biochemical studies of the changes in pump configuration during transport cycles, of measurements of electrical events occurring during ion transport, and of measurements of the occlusion of Na and Rb ions by Na,K-ATPase preparations (Glynn, 1985 (Glynn, , 1988 . Basically, the Albers-Post scheme postulates that Na promotes phosphorylation of the pump by ATP to form the phosphorylated intermediate E1P, that Na is released during the conformational transition from EIP to E~P, that K promotes the dephosphorylation of E2P, and that K is released during the conformational transition from E 2 to El:
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OF GENERAL PHYSIOLOGY • VOLUME 98. 1991 if the steps from EjP to E2P are rate limiting. The calculated activity was significantly less than the activity measured experimentally under the conditions of the dephosphorylation experiments. These findings pose a serious challenge to the Albers-Post model, and we wish to address that challenge in this communication.
At the Fifth International Conference on Na,K-ATPase in 1987, Forbush described experiments similar to those of Ncrby et al. (1983) , but in Forbush's experiments enzyme was phosphorylated at relatively high Na concentration, and dephosphorylation was initiated by simultaneous addition of K and dilution of Na. The dephosphorylation curves resembled curves from experiments in which both phosphorylation and dephosphorylation were carried out at the lower rather than the higher Na concentration. Subsequently, experiments were performed in which enzyme was phosphorylated at relatively high Na, and dephosphorylation initiated by addition of K. After the slow phase of dephosphorylation was reached, Na was diluted and there was an immediate decrease in EP; the residual EP then dephosphorylated at the rate of the slow phase of enzyme phosphorylated at the lower Na concentration (Klodos and Forbush, 1990) . Apparently, reduction of Na increased the rate of transition of E~P to E2P. These findings did not seem to be explicable by the original model or, in fact, by any conventional model. Kinetic models implicitly assume that the enzyme preparation is a homogeneous population of molecules and the rate constant for each step is so narrowly distributed about its mean that the distribution can be ignored. It occurred to us that it might be possible to provide a qualitative explanation for the results of the dephosphorylation experiments by assuming that the enzyme is not homogeneous, but is composed of an ensemble of subgroups, that the rate constant for each step is narrowly distributed in each of the subgroups, but that the mean rate constant for one or more of the steps differs from subgroup to subgroup. Alternatively, we could assume that the rate constant for one or more of the steps is broadly distributed about its mean, rather than that the enzyme is made up of an ensemble of subgroups. That, however, would greatly complicate our evaluation of the model, and our purpose is not to develop a formal model with which to fit the data, but rather to propose a qualitative scheme that accounts for some of the characteristics of the experimental data.
We examined the behavior of the simple scheme shown in Fig. 1 , which is a somewhat expanded version of a portion of the Albers-Post model. The model shows two steps in which Na is released from the enzyme separated by a conformational change (in which Na moves from position 1 to position 2). In the course of our investigations we determined that an enzyme preparation composed of three or more subgroups could yield results with this model that were consistent with experimental observations. We arbitrarily decided that five subgroups should be sufficient to obtain a good fit to the reported data. The subgroup rate constants and fractional compositions shown in Table I were chosen so as to closely reproduce the biphasic characteristics and rates of the dephosphorylation curves reported by NCrby et al. (1983) . We simulated the dephosphorylation experiments by first calculating for each subgroup the equilibrium distribution of the enzyme forms with both k4 and k5 set at zero. We then simulated K-induced dephosphorylation by rapidly changing k4 from zero to the value shown in Table I FIGURE 2. K+-induced dephosphorylation (A) and ADP-induced dephosphorylation (B). In each case, the equilibrium distribution of phosphorylated species defined by Fig. 1 was determined using the rate constants and subgroup composition given in Table I and setting [ADP] = [K] = 0 (k 4 and k 5 set at zero). Dephosphorylation through step k 4 (K-induced, panel A) was simulated by setting k 4 at 10 s -~ at t = 0, and dephosphorylation through step k5 (ADP-induced, panel B) was simulated by setting k 5 at 10 s-] at t = 0.
those described by Ncrby et al. (1983) in that the K-and ADP-induced dephosphorylation curves at each Na concentration show a rapid phase of dephosphorylation followed by a slow phase, and the extent of the rapid phase is dependent on the Na concentration. The different Na affinities at the two Na release steps and the separation of the release steps by a conformational change account in part for the biphasic dephosphorylation curves, but the marked biphasic behavior and the exact shape of the dephosphorylation curves arise from the assumption of enzyme heterogeneity. (Froehlich et al. [1983] have also pointed out that enzyme heterogeneity can result in biphasic dephosphorylation curves.) The model did not reproduce the findings that the sum of E1P and EzP calculated from the ordinate intercept of the . K+-induced dephosphorylation and Na + dilution. The equilibrium distribution of phosphorylated species at [Na +] = 0.6 M was calculated as described in Fig. 2 . In A, dephosphorylation was simulated by changing k 4 from 0 to 10 s -1 at t = 0 and [Na +] was simultaneously reduced to 0.02 M. In B, dephosphorylation was simulated by changing k 4 from 0 to 10 s -~ at t = 0, and [Na +] was reduced to 0.02 M 4 s later. In C, dephosphorylation was simulated by changing k 4 from 0 to l0 s -t at t = 0 and [Na +] was reduced to 0.15 M at t = 0 and to 0.02 M 4 s later.
slow phase of the curves is greater than 100% of total EP, nor did we try to modify the model to reproduce that finding. Fig. 3 shows the results of simulations in which we changed the Na concentration at the same time that K was added or at varying times after the addition of K. In panel A, Na was reduced at the same time that K was added; in panel B, Na was reduced 4 s after the addition of K; and in panel C Na was reduced at the same time that K was added, and then reduced again 4 s later. In all cases, reduction of Na resulted in rapid dephosphorylation to levels comparable to those seen in Fig. 2 when phosphorylation and dephosphorylation were carried out at the lower Na concentration. The slow phase of dephosphorylation was also similar to that seen when phosphorylation and dephosphorylation were carried out at the lower Na concentration. Fig. 4 shows the results of a simulation in which enzyme was phosphorylated at 0.6 M Na, and then dephosphorylated by the simultaneous addition of K and reduction of Na to the final concentrations indicated at the right. These simulations result in dephosphorylation curves which appear to be similar to those described by Klodos and Forbush (1990) .
It seemed to us that this model would qualitatively predict steady-state ATPase activity sufl:icient to account for the observed activity, while at the same time predicting the slow phase of dephosphorylation. The rapidly dephosphorylating subgroups at each Na concentration turn over rapidly during the steady-state measurements, while the slowly dephosphorylating subgroups account for the slow phase of dephosphorylation, but contribute little to the steady-state measurements. To test the prediction, we derived a steady-state equation for ATPase activity based on the sequence shown in Fig. 5 . To make the sequence shown in Fig. 1 rate limiting for overall ATPase activity, we set k 4 and k 5 very large relative to the other rate constants. The circles in Fig. 5 represent ATPase activity calculated from the steady-state rate equation using the fractional contribution of enzyme subgroups and rate constants from Table I . The squares are ATPase activity calculated from N0rby et al. (1983) , who measured activity under conditions similar to those used in the dephosphorylation experiments. At all Na concentrations, ATPase activity calculated from the model is more than adequate to account for the experimentally determined value. At each Na concentration, subgroups with the slowest rate of transition from EIPNalNa 2 to EzP account for the slow phase of dephosphorylation and the subgroups with the most rapid rate of transition account for the rapid phase of dephosphorylation and for most of the steady-state ATPase activity. Using this model, there is no reason to doubt that E1P is an intermediate in the overall ATPase reaction, and there is no reason to discard the Albers-Post model.
The model we use is complicated in that there are many rate constants. We do not believe that any simple model can simultaneously explain the dephosphorylation curves generated by addition of K, by addition of ADP, and by addition of K with dilution of Na either simultaneously or after a delay. No model in which phosphorylated intermediates interconvert in sequence along a single pathway seems likely to reproduce the dephosphorylation curves no matter how many rate constants are involved. The reaction mechanism may be even more complicated than our model; effects similar to those attributed to Na dilution can be produced experimentally by replacement of C1 with less lyotropic anions (Post, 1988; Klodos, 1990) . If these FIGURE 5. Steady-state ATPase activity. The circles represent ATPase activity calculated from the reaction mechanism given in the inset and the subgroup distribution and rate constants given in Table I . To make the sequence from Fig. 1 rate limiting, k4 and k 5 were set very large relative to the other rate constants. The squares are experimentally determined ATPase activity calculated from NCrby et al. (1983) .
effects are due in part or solely to the dilution of C1 ions, then perhaps the reaction mechanism in Fig. 1 should also show C1 interacting with the enzyme, while the remainder of the analysis would be unchanged. We certainly do not wish to insist that our model is unique or even likely; we only wish to point out that a model with parallel pathways between E~P and E~P seems indispensable in accounting for the curves, and such models reconcile the dephosphorylation curves of NCrby et al. (1983) with the basic assumption of the Albers-Post scheme, that E1P is an intermediate in the overall Na,K-ATPase mechanism.
We suggest that some of the rate constants vary from molecule to molecule within a kinetic pool in an ATPase preparation. Heterogeneity of rate constants has been suggested for other proteins such as myoglobin at low temperatures and in solid samples (Austin et al., 1975), apoferritin (Rosato et al., 1987) , phospholipase A 2 (Ludescher et al., 1985) , and ribonuclease T (Gryczynski et al., 1988) (Post, 1988) , etc. Since these environmental manipulations alter the EIP/E2P ratio, they must alter at least one of the rate constants between EIP and E2P. Since ATPase preparations used in dephosphorylation experiments consist of enzyme embedded in a phospholipid membrane, it is not unreasonable to suppose that variations in the local environment of each molecule may modify its kinetic characteristics. Kinetic heterogeneity in a relatively pure ATPase preparation has been discussed by Forbush (1987) and directly demonstrated by Suzuki and Post (1990) . Variations in the local phospholipid environment of ATPase molecules, particularly at low temperature, has been proposed as a cause of significant kinetic heterogeneity (Klodos and Forbush, 1990; Suzuki and Post, 1990) .
We suggest that the possibility of kinetic heterogeneity and parallel reaction pathways be considered when membrane-embedded molecules appear to behave anomalously.
